Ecdysteroid hormones are major regulators in reproduction and development of insects, including larval molts and metamorphosis. The functional ecdysone receptor is a heterodimer of ECR (NR1H1) and USP-RXR (NR2B4), which is the orthologue of vertebrate Retinoid X Receptors (RXR α, β, γ ). Both proteins belong to the superfamily of nuclear hormone receptors, ligand-dependent transcription factors which share two conserved domains: the DNA-binding domain (DBD) and the ligand-binding domain (LBD). In order to gain further insight into the evolution of metamorphosis and gene regulation by ecdysone in arthropods, we performed a phylogenetic analysis of both partners of the heterodimer ECR/USP-RXR. Overall, 38 USP-RXR and 19 ECR protein sequences, from 33 species, have been used for this analysis. Interestingly, sequence alignments and structural comparisons reveal high divergence rates, for both ECR and USP-RXR, specifically among Diptera and Lepidoptera. The most impressive differences affect the ligand-binding domain of USP-RXR.
INTRODUCTION
Ecdysteroid hormones regulate many essential processes in reproduction and development of insects. In Drosophila, a single steroid metabolite, 20-hydroxyecdysone (called ecdysone for simplicity), is responsible for controlling the main developmental transitions, including larval molts and metamorphosis (Kozlova and Thummel, 2000) . It is a remarkable system in which one simple signal triggers specific transcriptional regulation of several genes, at different stages and in different tissues. Extensive genetic and molecular studies have demonstrated that gene cascades regulated by ecdysone play a central role in the developmental timing in Drosophila (Thummel, 2001) . Evidence from a few other species supports the conservation of this ecdysteroid regulatory pathway in insects (Henrich and Brown, 1995) . But most of these species belong to the very derived holometabolous orders Diptera and Lepidoptera. Insects present a large range of developmental variability, affecting for example ovarian organization (King and Büning, 1985) , embryonic germ-band type (Sander, 1976; Patel et al., 1994) or the number of larval molts and the type of metamorphosis (Sehnal et al., 1996; Truman and Riddiford, 1999) . Analysis of this diversity at the molecular level is now possible and constitutes a major objective of evolutionary developmental biology.
The functional Drosophila ecdysone receptor is a heterodimer of the products of the ecdysone receptor (EcR) and ultraspiracle (usp) genes, two nuclear receptors (Koelle et al., 1991; Oro et al., 1992; Yao et al., 1993) . Nuclear receptors share a common organization consisting of at least three structural domains: an amino-terminal domain (A/B), a central DNA binding domain (DBD or C domain) , and a ligand binding domain (LBD or E domain) (Moras and Gronemeyer, 1998) . In addition, a flexible linker region (D domain) is located between DBD and LBD. Some members of this family also contain a carboxy-terminal tail (F 4 domain). The requirement of heterodimerisation between ECR and USP-RXR has been found in other species such as the mosquito Aedes aegypti (Wang et al., 2000) , the silkmoth Bombyx mori (Swevers et al., 1996) , and even a member of the Chelicerata, the tick Amblyomma americanum (Guo et al., 1998) . Understanding the evolution of ecdysone regulation in insects requires comparative analysis of both partners of the heterodimer.
Within the superfamily of nuclear receptors, ECR (NR1H1) belongs to the same group as the vertebrate Liver X Receptors (LXRα and LXRβ: NR1H3 and NR1H2) and Farnesoid X Receptor (FXR : NR1H4) which are also receptors for steroid hormones (oxysterols and bile acids, respectively) (Laudet and Gronemeyer, 2002) . Ecdysteroids are not produced by deuterostomes, such as vertebrates. Phylogenies based on 18S rDNA sequences group arthropods and nematodes in the ecdysozoa clade of protostomes sharing the developmental trait of moulting (Aguinaldo et al., 1997) . However, ECR horthologues have not been identified in the C. elegans genome but only in some parasitic nematodes which are sensitive to ecdysteroids (Sluder and Maina, 2001 ). Thus, molting regulation and the primary signal are likely to differ among lineages within ecdysozoa. In fact, a recent analysis of more than 100 nuclear proteins does not support the ecdysozoa hypothesis (Blair et al., 2002) , and moulting may have appeared several times during metazoans evolution.
USP-RXR (NR2B4) is the orthologue of vertebrate Retinoid X Receptors (RXRα, β, γ : NR2B1, 2, 3) (Laudet and Gronemeyer, 2002) . The name USP comes from the phenotype of Drosophila mutants (Perrimon et al., 1985) , whereas RXR (Retinoid X Receptor) refers to the mammalian ligand (9-cis retinoic acid) (Mangelsdorf et al., 1990) . In arthropods no mutant phenotype is known outside Drosophila, and USP-RXR does not bind 9-cis retinoid acid. Now that this gene has been isolated in a wide variety of metazoans, this nomenclature is sometimes confusing in the literature. In this article, we will use the name USP-RXR for all arthropods and simply RXR for orthologues from other taxa. Contrary to 5 ECR, the three-dimensional structure of RXR proteins has been well studied. The crystal structures of the human RXRα LBD (Bourguet et al., 1995; Egea et al., 2000) and DBD (Lee et al., 1993) have been determined, as well as the USP-RXR LBDs of Drosophila melanogaster (Clayton et al., 2001) and of the Lepidoptera Heliothis virescens (Billas et al., 2001) . Comparison of these structures reveals that Drosophila and Heliothis USP-RXR LBDs are locked in an inactive conformation. Furthermore, authors of these studies suggest that there may be a natural ligand for this USP-RXR, previously seen as an orphan receptor. In vitro studies have shown that juvenile hormone III can bind Drosophila USP-RXR with a very low affinity (Jones et al., 1997; 2001) . This hormone is a sesquiterpenoid chemically analog to retinoids and involved in the control of insect molting and metamorphosis.
However, the possibility that juvenile hormone is a natural ligand of USP-RXR awaits further evidence. It has been proposed that arthropods lost the ability to bind 9-cis retinoid acid (Escriva et al., 2000) . Then this loss may have been followed by acquisition of a new ligand that remains to be identified.
Cloning of ECR or USP-RXR from various arthropods led several authors to observe an intriguing divergence of both proteins in Diptera and Lepidoptera (reviewed in Riddiford et al., 2001) . In order to gain further insight into the evolution of ecdysone regulation in arthropods, we performed an evolutionary analysis of both partners. Sequence alignments and structural comparisons reveal a combination of variation and conservation in important functional domains for both ECR and USP-RXR. The major structural divergences are specific to Diptera and Lepidoptera. The most impressive differences affect the LBD domain of USP-RXR. ECR sequences also show variability in other domains, namely the DBD and the carboxy-terminal F domain. Furthermore, we show that the LBDs of both proteins are characterized by an acceleration of divergence rates in the Diptera-Lepidoptera lineage. Our data provide the first evidence that ECR and USP-RXR may have coevolved during the 6 course of holometabolous insect diversification, probably leading to a functional divergence of the ecdysone receptor. They also show that Diptera and Lepidoptera, the most widely used model organisms to analyze ecdysone regulation, are in fact very derived species concerning this developmental system. Therefore, extreme care must be taken when results from Drosophila or Manduca are generalized, in particular concerning both fundamental aspects of insect development and the design of specific insecticides. 
MATERIALS AND METHODS

Cloning and sequencing of cDNAs
Protein Sequence analysis
All available sequences were obtained from NUREBASE (Duarte et al., 2002) .
Species and accession numbers are shown in Table 1 . Protein-coding sequences were aligned using SEAVIEW (Galtier et al., 1996) . All positions with gaps were excluded from analyses.
Phylogenetic reconstruction was made with Neighbour Joining (Saitou and Nei, 1987 ) with observed differences as implemented in Phylo_Win (Galtier et al., 1996) . The number of complete aligned sites used for tree reconstruction is 74 for ECR DBD, 221 for ECR LBD, 77
for USP-RXR DBD and 145 for USP-RXR LBD. Bootstrap analysis with 1000 replicates was used to assess support for nodes in the tree (Felsenstein, 1985) . The phylogenetic tree of RXR/USP sequences is rooted by the jellyfish Tripedelia cystophora RXR sequence (Kostrouch et al., 1998) . The tree of ECR is rooted by vertebrate LXR and FXR sequences.
Evolutionary distances between sequences were mapped on a pre-defined species consensus tree using Tree-Puzzle (Schmidt et al., 2002) , with the JTT substitution model (Jones et al., 1992) plus rate heterogeneity between sites, estimated by a gamma law with eight categories. The consensus tree is based on classical taxonomic data, as well as more specific references concerning the following groups: Diptera (Yeates and Wiegmann, 1999) , Lepidoptera (Weller et al., 1992; Regier et al., 2001) , Insects (Kristensen 1981; Whiting et al., 1997) and Arthropods (Hwang et al., 2001; Giribet et al., 2001 ).
In addition, rates were compared between lineages using the relative-rate test on all available sequences (Wilson et al., 1977 ; Robinson, et al., 1998) , weighting by the predefined tree topology, as implemented in RRTree (Robinson-Rechavi and Huchon, 2000) , with a Poisson correction for multiple substitutions.
RESULTS
ECR and USP-RXR sequences
In order to study the role of the ecdysone receptor during evolution of arthropod metamorphosis, we analyzed the evolution of its two components: ECR and USP-RXR. When this work was initiated, most of the sequences available in the public databases had been isolated from Diptera and Lepidoptera species. Therefore, it was necessary to investigate a larger sample of insects and other arthropods. Using an RT-PCR approach with degenerated primers located within the DBD and the LBD, we cloned and sequenced cDNA fragments coding for USP-RXR or ECR from five new species (Table 1) . These new species give a complete sampling of the different types of metamorphosis in arthropods: holometaboly or complete metamorphosis outside Diptera and Lepidoptera (Hymenoptera and Coleoptera), heterometaboly or incomplete metamorphosis (Dictyoptera), ametaboly or absence of metamorphosis (Collembola), plus one myriapod. Overall, 38 USP-RXR and 19 ECR protein sequences have been used for this analysis, from 33 species. Regarding evolution of these two proteins, as it will be shown further in this article, these 33 species can be distributed into six groups: Diptera (8 species), Lepidoptera (6), other hexapods (7), other arthropods (3), chordates (8) and cnidaria (1) ( Table 1) . Importantly, the phylogenetic relationships among these six groups are well known and are non ambiguous (see Fig. 1 ).
Molecular phylogeny of ECR and USP-RXR
Cloning of ECR or USP-RXR homologues from various arthropods has previously revealed that these proteins are divergent in Diptera and Lepidoptera. This is particularly clear for the LBD of USP-RXR, when sequences from a tick (Guo et al., 1998) , a crab (Chung et al., 1998) , a locust (Hayward et al., 1999) or a beetle (Nicolaï et al., 2000) are compared to Diptera and Lepidoptera sequences. Although less obvious, the same phenomenon affects ECR (Guo et al., 1997; Saleh et al., 1998; Verras et al., 1999) . Understanding this evolutionary divergence should give important insights on the evolution of insect metamorphosis and the functional plasticity of nuclear receptors. Therefore, we performed an analysis of all ECR and USP-RXR sequences together, in order to measure their evolutionary rates and to identify precisely the divergent regions. After sequence alignment, identity percentages and phylogenetic trees were determined separately for the DBD and LBD of both proteins.
Pairwise comparisons show a clear divergence in the LBD of USP-RXR between
Diptera-Lepidoptera and other species (Table 2) . There is only 49% identity between DipteraLepidoptera and other insects, as opposed to 68% between these other insects and other arthropods, and 70% between the other insects and chordates. Thus, the USP-RXR LBD of many insects is less similar to Diptera and Lepidoptera than it is to the chordate RXRs. The same is true of the DBD and LBD domains of ECR (Table 2) , although the divergence is less pronounced.
A Neighbour Joining analysis with observed differences performed using the fulllength LBD of ECR or USP-RXR obtained the trees shown in Figure 2 . Similar topologies are found by parsimony analysis (data not shown; see also: Guo et al., 1997; Guo et al., 1998; Hayward et al., 1999) . It should be emphasized that our aim is not to reconstruct the phylogeny of species using RXR or ECR as markers, but rather to characterize the evolution of these receptors using phylogeny as a tool. The trees are therefore presented here to illustrate the aberrant topology with regard to insect phylogeny, and to show the length of the branches. In both trees, it can be seen that Diptera and Lepidoptera sequences constitute a 12 monophyletic group separated from all the other insects. The bootstrap score for the branch that separates Diptera-Lepidoptera from other insects is 100% (boxed). All the other insects are grouped in a branch with a high bootstrap value:100% for ECR ( Fig. 2A) and 87% for USP-RXR (Fig. 2B) . These topologies are clearly in contradiction with the phylogeny of the species (Fig. 1) . For example, the coleoptera Tenebrio molitor belongs to the holometabolous insects, a monophyletic group which includes Diptera and Lepidoptera. However the USP-RXR LBD from this beetle is more similar to that of a chelicerate (Amblyomma americanum), or even of a chordate, than of a Diptera such as Drosophila. The trees of Figure 2 also show that Diptera and Lepidoptera sequences share long branches, when compared to other arthropods proteins. This observation is indicative of a rapid rate of divergence.
Analysis of evolutionary rates
The phylogenetic analysis suggests that USP-RXR and ECR sequences have undergone accelerated evolution in the Diptera-Lepidoptera lineage. We therefore decided to estimate and to compare the rates of divergence between groups of species.
In order to obtain the best estimates of branch lengths, we used a constraint topology based on the known phylogenetic relationships between all the species analyzed in this article (Fig. 1) . Evolutionary distances between sequences were mapped on this pre-defined species consensus phylogeny. The trees obtained by this method are shown in Figure 3 . Moreover, rates were compared between lineages using the relative-rate test on all available sequences.
Results are shown in Table 3 , as differences of substitution rate between groups of species.
From these analyses, it appears that both ECR and USP-RXR LBD sequences of Diptera and Lepidoptera have evolved at significantly different rates than other species (Fig. 3B , C and Table 3 ). The strongest rate difference is with USP-RXR LBDs. Despite the important 13 distances obtained by mapping ECR DBD sequences on the pre-defined tree for DipteraLepidoptera (Fig. 3A) , rate differences are not significant for DBDs (data not shown). This may be due to the small numbers of sites available for the test (80 amino-acids).
Our data clearly show that both ECR and USP-RXR experienced a very strong acceleration of evolutionary rate in Diptera and Lepidoptera versus other insects. It is therefore essential to identify which regions of the proteins were affected by this acceleration.
Divergence of the Ligand Binding Domain of USP-RXR
It has been shown recently that both crystal structures of a Lepidopteran (Heliothis) and a Dipteran (Drosophila) USP-RXR LBD are locked in an unusual antagonist conformation (Billas et al., 2001 ; Clayton et al., 2001 ). Sequence alignment clearly shows the differences between the LBD of USP-RXR proteins from Diptera and Lepidoptera and their homologues in other arthropods. They are grouped into three divergent domains and are not located randomly along the sequence (Fig. 4) .
Interestingly, many differences affect precisely two regions that are implicated in the unusual conformation of Drosophila and Heliothis USP-RXRs: the loop between helices H1
and H3, and the carboxy-terminal end of the LBD (helix H12 and the loop between H11 and H12) (Fig. 3) . Helix H12 is locked in an inactive position by making contacts with the loop H1-H3, specifically with a conserved domain of 13 residues (boxed in gray in Fig. 4 ). This domain is well conserved within the lineage of Diptera and Lepidoptera, but is absent in other arthropods, where the loop H1-H3 is highly variable in length and in sequence. Furthermore, three (Heliothis) or four (Drosophila) residues of the conserved region interact with the phospholipid ligand cocrystallized with the LBD (Fig. 4) . While helix H12 is highly conserved among most arthropods and chordates, sequences of H12 and of the loop H11-H12 14 are variable in Diptera and Lepidoptera. Most of the differences are conservative. The loop L5-s1, connecting helix H5 and the β-strand s1 is longer in Diptera and Lepidoptera USP-RXR, with little conservation in the additional residues (Fig. 4) . Unfortunately, this region could not be modeled because its conformation is not ordered in the crystal (Billas et al., 2001 ; Clayton et al., 2001) . Thus, further experiments are needed to decipher the putative role of this intriguing insertion.
Divergent domains in ECR
Despite an increase in evolutionary rates (Table 3 ) the ECR LBDs are rather well conserved in length and sequence (Table 2 and data not shown). This conservation enabled Wurtz et al. (2000) to identify the canonical 11 helices and to model 20-hydroxyecdysone binding for the Diptera Chironomus tentans. Thus, contrary to USP-RXR, there is no obvious divergence of the structure of ECR LBD in Diptera and Lepidoptera. This could be due to the constraint on all ECRs to presumably bind 20-hydroxyecdysone (Riddiford et al., 2001 ).
The DBD of ECR contains six amino-acid differences specific for the DipteraLepidoptera group (Fig. 5A) . By contrast, USP-RXR DBD sequences do not show any specific differences (Fig. 5B) . Among the six differences observed for ECR, only one is not conservative and is located just upstream of the second zinc-finger. It is a hydrophobic residue in Diptera (cysteine) and Lepidoptera (isoleucine), but a polar amino-acid (glutamine) in other arthropods. Interestingly, four of these substitutions are located in or near the second zinc finger, a region known to form a dimerization interface for some nuclear receptors (Luisi et al., 1991; Schwabe et al., 1993) .
A surprising originality of Diptera-Lepidoptera ECRs is the presence of a carboxyterminal F domain (Fig. 6 ). (Kristensen, 1981) , with Hymenoptera as a sister group. Panorpida also includes:
Trichoptera (caddisflies), the sister group of Lepidoptera, and Mecoptera (scorpionflies) and Siphonaptera (fleas) which are more closely related to Diptera (Fig. 1) . The phylogenetic position of Strepsiptera is unclear (Whiting et al., 1997; Rokas et al., 1999) . Thus the hypothesis of a unique event of acceleration in the ancestor of Diptera and Lepidoptera could be tested by isolation of ECR and USP-RXR sequences from other Panorpida. This event of acceleration could be responsible for the accelerated evolutionary rates at the base of and within these groups. We already know that USP-RXR and ECR sequences from a flea (M.
Palmer, personal communication) are more similar to Diptera and Lepidoptera than to other insects (data not shown), which supports our hypothesis. Regarding evolution of metamorphosis, the divergence of the ecdysone receptor does not correlate with the different types of insect's metamorphosis. It may be necessary to isolate more full-length sequences from several species outside Panorpida to decipher a specific trend at this level.
We have identified several protein domains for which sequence divergence is specific to Diptera and Lepidoptera. All members of the nuclear hormone receptor family share the canonical LBD structure with 11 helices (H1, H3-H12) connected by loops and two short β-strands (s1 and s2). The typical activation of nuclear receptor implies the binding of the agonist ligand in the pocket. This binding triggers a repositioning of helix H12 that provides the surface for co-activator interaction and thereby allows the transactivation activity of the nuclear receptor. In the case of an antagonist, helix H12 moves precisely into the hydrophobic furrow where the co-activator interacts in the agonist conformation (Moras and Gronemeyer, 1998) . In the Drosophila and Heliothis USP-RXR structures, the loop between helices H1 and H3 is located inside the hydrophobic furrow of the LBD, thereby preventing the repositioning of helix H12 and interactions with coactivators, and locking these USP-RXRs in an unusual antagonist conformation (Billas et al., 2001 ; Clayton et al., 2001) . In the light of these results, our observation of Diptera and Lepidoptera specific sequence diversity in both the loop H1-H3 and the helix H12 suggests a form of concerted evolution between these two interacting regions of the USP-RXR LBD. This evolution may have changed the liganddependent transactivation activity of the protein. It may also have had an effect on the ligand binding activity, since the loop H1-H3 contains residues that interact with the phospholipid cocrystallized with Drosophila and Heliothis LBD. On the other hand, given the very strong conservation of Helix H10, it is likely that the dimerisation activity of USP-RXR LBD remained unchanged during evolution.
It is intriguing that the LBD of ECR underwent a significant increase of substitution rate in Diptera and Lepidoptera, while its structure remained apparently largely unchanged. In all insects, and presumably in all arthropods, ECR LBD binds 20-hydroxyecdysone (Riddiford et al., 2001 ). This fundamental interaction may represent the primary selective constraint acting on this domain. However, nuclear receptor LBDs are also involved in heterodimerisation activity. This rapid evolution of ECR can be explained by adaptation to the extremely divergent USP-RXR, and eventually acquisition of new partners. It may be that the stability of the heterodimer required compensatory changes in ECR and USP-RXR, suggestive of coevolution. The differences seen in ECR DBD also suggest functional changes in 18 dimerisation. Indeed, four of the six substitutions which are conserved among Diptera and Lepidoptera are located at positions known to be involved in protein dimerisation but not in DNA contact or nuclear localization signal (Khorasanizadeh and Rastinejad, 2001; Black et al., 2001) . Another difference specific to Diptera and Lepidoptera is the presence of a carboxy-terminal F domain. This difference is interesting, since it is known that when present (ERα, HNF-4) the F domain of nuclear receptors can regulate different functions of the LBD.
For example, the F domain of human estrogen receptor ERα can modulate transcriptional activity and dimerisation signal, probably through interaction with the AF-2 domain (Montano et al., 1995 ; Nichols et al., 1998 ; Peters and Khan, 1999 ).
An important conclusion of this sequence analysis is that the major structural differences of USP-RXR and ECR are specific to Diptera and Lepidoptera. We hypothesize that these differences changed two functional properties of the heterodimeric ecdysone receptor during insect evolution, namely the ligand-dependent transactivation and the heterodimerisation activities of both USP-RXR and ECR. These hypotheses could now be tested by a comparative genetic approach using Drosophila melanogaster and another holometabolous insect chosen outside the Panorpida group. This should help to usefully extend our knowledge concerning the biological role of ecdysone. Indeed, our work indicates that the current model organisms used to analyze the ecdysone pathway are in fact very derived species. Therefore, extreme care must be taken when results obtained from Panorpida are generalized, notably concerning both fundamental aspects of insect development and the design of specific insecticides.
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FIGURE LEGENDS
Figure 1: Phylogenetic relationships between the species studied in this article. This consensus tree is based on classical taxonomic data, as well as more specific references concerning the following groups: Diptera (Yeates and Wiegmann, 1999) , Lepidoptera (Weller et al., 1992; Regier et al., 2001) , Insects (Kristensen 1981; Whiting et al., 1997) and
Arthropods (Hwang et al., 2001; Giribet et al., 2001) . Species names underlined indicate that both ECR and USP-RXR sequences are available for these species. Regarding evolution of these proteins, two artificial groups are indicated: "other insects" for all insects excluding Panorpida, and "other arthropods" for all arthropods excluding insects. Tree-Puzzle (Schmidt et al., 2002) , with the JTT substitution model (Jones et al., 1992) below the alignments. Structural data are from the following sources: Human RXRα (Bourguet et al., 1995 ; Egea et al., 2000) , Heliothis USP-RXR (Billas et al., 2001) and Drosophila USP-RXR (Clayton et al., 2001) . Note that helices H3 and H12 are shorter in Human RXRα, as indicated by a dashed vertical line in the amino-terminal of these helices.
The gray box in the loop H1-H3 highlights a region conserved between Diptera and Lepidoptera. RT-PCR clones of five species (Lithobius, Folsomia, Periplaneta, Alfalfa, Leptopilina) lack some of the carboxy-terminal regions: an X indicates the end of these partial sequences. The few residues (3 to 12) following the helix H12, and therefore outside of the structurally defined LBD, are also shown on this figure. Structural data are from Lee et al. (1993) and Khorasanizadeh and Rastinejad (2001) . The two zinc-fingers are underlined on each sequence of reference and they are also indicated below the alignments; critical cysteine residues of the zinc-fingers are identified with asterisks.
Names of Diptera species are in bold and underlined; names of Lepidoptera species are in 29 bold. The gray boxes indicate ECR divergent positions between Diptera-Lepidoptera and other arthropods. 
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